The point light walker (PLW) has been taken to demonstrate the existence of mechanisms specialised in the processing of biological motion, but the roles of form and motion information in such processing remain unclear. While processing is robust to distortion and exclusion of the local motion signals of the individual elements of the PLW, the motion relationships between the elements -referred to as opponent motion -have been suggested to be crucial. By using Gabor patches oriented in relation to the opponent motion paths as the elements of the PLW, the influence of form and opponent motion information on biological motion processing can be compared. In both a detection in noise, and a novel form distortion task, performance was improved by orienting the elements orthogonally to the opponent motion paths -strengthening the opponent motion signal -compared to orienting them collinearly. However, similar benefits were found with static tasks presentations. Orienting the Gabor patches orthogonally to their opponent motion also benefits contour integration mechanisms by aligning neighbouring elements along the limbs of the PLW. During static presentations this enhanced form cue could account for all the changes in performance, and the lack of additional improvement in moving presentations suggests that the strengthened opponent motion signal may not be affecting performance. We suggest the results demonstrate the primacy of form information over that of opponent motion in the processing of biological motion from PLW stimuli.
Introduction
The point light walker (PLW) (Johansson, 1973) , consists of a dozen or so dots which describe the major joints of an otherwise invisible actor. When this stimulus is in motion it presents a compelling percept of a person and also expresses much more nuanced information such as gender (Cutting, Proffitt, & Kozlowski, 1978) , mood (Dittrich, Troscianko, Lea, & Morgan, 1996) , and identity (Cutting & Kozlowski, 1977) . Studies of human visual perception of biological motion from the PLW often focus on these aspects of the stimulus and this richness has led to it being treated as a 'type' of high-level motion to be compared against radial flow and translation (Billino, Bremmer, & Gegenfurtner, 2008) . While the high level information contained in the PLW certainly make it unique -there can be no gender, mood or identity in simple radial flow -it remains unclear if, at a perceptual processing level, the motion of the PLW constitutes a discrete category (Hiris, 2007; Poom & Olsson, 2002) .
Recent work suggests the walker is detectable from the PLW display without it being in motion (Reid, Blair & van der Zwan, 2009; Thirkettle, Benton, & Scott-Samuel, 2009 ) and it is certainly important not to assume that static form plays no role in perception. The underlying form of a PLW is a defining characteristic of biological motion stimuli, and it has been shown that similar levels of detection performance can be attained if form information is added to non-biological motion (Hiris, 2007) . Computational models using only static form templates are capable of both discriminating biological motion displays (Lange, Georg, & Lappe, 2006) and predicting human perceptual performance . On the other hand, reductions in task performance correlated to weakened static form are ameliorated by presenting the stimulus in motion (Thirkettle et al., 2009) and some judgements such as, trivially, speed of ambulation are obviously motion based. Furthermore, presentations defined solely by motion, as in the case of texture defined displays (Ahlstrom, Blake, & Ahlstrom, 1997) have been taken to demonstrate the power of motion information to convey the PLW in the absence of static form. Clearly a form of motion information plays a role in the perception of biological motion, and recent research suggests that motion may be necessary for its processing (Garcia & Grossman, 2008) . The coherence expressed by the motion of the dots of the PLW is an important part of the PLW (Mather, Radford, & West, 1992) . The local trajectories of the dots have been shown to be non-critical to perception of a PLW through the use of limited lifetime displays (Beintema, Georg, & Lappe, 2006; Beintema & Lappe, 2002) . However, the motion of the constituent dots in relation to one another is a discrete source of information from their individual trajectories and one thought to express the structure of the PLW (Casile & Giese, 2005) . The role played by the relative motions of the dots of the PLW in conveying the jointed form of the PLW has led some to consider it form information, expressed through motion (Troje, 2002) . Whether considered as motionmediated form or integrative motion, the information available through the integration of the PLW's internal motion relationships has been suggested to be the defining feature of biological motion (Casile & Giese, 2005) .
Integration of the relative motion of all the dots of the PLW could drive the grouping of the signal dots into a coherent form in the presence of background noise, but the literature commonly refers to the relative motion between two dots of the PLW, especially those of pairs of markers: the ankles, wrists etc. This form of integrative motion signal is referred to as 'opponent motion' because the two points on opposing limbs move in anti-phase to each other in orthogonal side projections of the gait cycle (Thurman & Grossman, 2008) . It is important to note that 'opponent motion' here is not analogous to the opponent motion referred to in studies of low-level motion mechanisms (Adelson & Bergen, 1985) . Research suggests that the opponent motion relationships within the PLW are important, and those of the ankles and wrists especially so. However, these investigations into the importance of opponent motion signals in the PLW have simply compared task performance with and without the dots representing the extremities, rather than manipulate the opponent motion signal directly (Mather et al., 1992; Troje & Westhoff, 2006) . Preserving the integrity of the PLW is important if we are to understand the role opponent motion plays in the processing of an intact biological motion display, let alone its role in perception beyond the laboratory.
The opponent motion signal of the limbs of the PLW varies through the gait cycle as they swing toward and away from each other. Natural variations in the opponent motion signal are inversely related to changes in the static form signal of the PLW. The changes in these signals inherent in the gait cycle are reflected in changes in task performance (de Lussanet et al., 2008; Thurman & Grossman, 2008) , although the effect of these changes is largely dependent on task demands (Thirkettle et al., 2009) . Previous definitions of opponent motion strength have focused on the changes in local velocity within the gait cycle, defining stronger opponent motion signals as those where the opposing elements are closest and moving fastest relative to each other (Thurman & Grossman, 2008) . Here, a definition is sought which is independent of the action presented and instead based upon the properties of the underlying motion signal.
Single cell recording in the macaque visual cortex shows that individual complex cells respond best to motion within 5-10°of orthogonal to the orientation of the stimulus in motion (Hubel & Wiesel, 1968) . This leads to the response of the detector in the case of motion orthogonal to element orientation being less ambiguous than that of motion along the element orientation (Adelson & Movshon, 1982) . Consequently the motion energy model of Adelson and Bergen (1985) and the temporal covariance model of van Santen and Sperling (1984) propose spatiotemporal motion filters which would respond most strongly to an orthogonal relationship between contour orientation and direction of motion. This has previously demonstrated experimentally to result in more discriminable motion (Casco, Caputo, & Grieco, 2001 ) and produce more salient image features (Casco, Grieco, Giora, & Martinelli, 2006) . Gabor patches, sinusoidal spatial luminance profiles enveloped by a Gaussian function, are a basic tool of vision science. The Gabor patch has previously been used to replace the points of the PLW in order to isolate local motion signals (Lu, 2008) , or to investigate the influence of context on perceptual sensitivity (Tadin, Lappin, Blake, & Grossman, 2002) . Here, the different responses of perceptual systems to motion orthogonal and collinear to the sine wave of a Gabor patch is exploited to manipulate the strength of the opponent motion signals of the PLW. A PLW made of Gabor patches oriented orthogonally to their opponent motion paths should have a stronger opponent motion signal than one whose Gabor patches are collinear with the opponent motion relationships.
The opponent motion present in PLW stimuli has become a candidate for the factor which separates biological motion from nonbiological motion (Casile & Giese, 2005; Thurman & Grossman, 2008) . Weakening this signal should therefore affect the heightened detection thresholds and task performance found with biological motion stimuli. The experiments reported here manipulate the strength of the opponent motion signal through the orientation of the tokens making up the PLW. We measure the effect this has on noise mask thresholds, and performance in a novel task designed to directly test the influence of form information against that of the opponent motion signal.
Previous work has shown that local motion is not crucial, and here we show that the opponent motion signal is also not as important to processing as the form underlying the PLW. Our results support those of who used a template matching approach to demonstrate the influence of form information in point light displays. Descriptions of the opponent motion signal as distinct from purely dynamic information (Troje, 2002) are well founded but our results go further. We suggest that the motion signal of opponent motion is distinct from the form information conveyed by these relationships, and it is this form information which is crucial to processing the PLW.
Experiment 1 -detection in noise
2.1. Stimulus creation PLW stimuli were based on motion capture data, as previously described (Thirkettle et al., 2009) , and represented the average gait of 10 male walkers on a treadmill. The resulting animation was resized and resampled using linear interpolation as required. The PLW was always presented walking on the spot orthogonally to the screen, and the direction of walking (leftwards or rightwards) was randomised trial to trial. The PLW displayed was made of nine points; the ankles, knees, wrists, elbows, and the head. It is common to use between 12 and 15 points for the PLW, but here we included only the major opponent motion pairs, omitting the hips, the shoulders, the pelvis and the neck to minimise points overlapping during the display. A number of studies have demonstrated the primacy of the extremities in biological motion processing (Mather et al., 1992) , and in particular the expression of the opponent motion signal (Troje & Westhoff, 2006) ; it seems reasonable to attribute this to the greater range of movement at the ends of the limbs.
Each of the nine points of the PLW was replaced with a Gabor patch with a spatial frequency of 3.3 cycles/deg and a standard deviation of the Gaussian envelope of 0.1°. The Gabor PLW was displayed against a background of mean luminance (32.6 cd/m 2 ). The carrier of each Gabor patch had a randomly assigned phase shift, and its orientation was set relative to the line between each dot and its opponent motion pair (the two ankles, knees, wrists and elbows) on each frame. Each Gabor patch was then rotated relative to these lines. The 'head' Gabor patch's orientation was calculated relative to the centre of its own motion path. Strong opponent motion relationships were created by orienting the Gabor patches orthogonally to their opponent motion paths and weak relationships by orienting the patches collinear with opponent motion.
The noise mask was created by replicating and scattering randomly the local trajectories of the PLW within an area of 6°Â 6°. The position of the PLW was randomly jittered from the centre of this area by up to 3°and randomly faced rightwards or leftwards in each trial. This is a commonly used task and type of protocol in biological motion studies (Cutting, Moore, & Morrison, 1988; Neri, Morrone, & Burr, 1998) , and allows the local motions of the individual dots to be discounted from task performance. As the mask matches the local motion information in the PLW, detection must be achieved through either the form information in the PLW or by the motion relationships expressed through the arrangement of the points of the PLW. Each point in the mask was a Gabor patch with the same properties as those making up the PLW. Each Gabor patch in the mask shared the changes in orientation of the patch in the PLW its trajectory had been replicated from. A random offset was applied to the orientations of all the mask elements for each display to allow the changes in orientation, and the opponent motion relationships, to persist in the mask, while randomising the absolute orientation of the noise elements. During the animation the Gabor patches cross, and at these points the resulting intensity value for each pixel of the display was a sum of those of the overlapping Gabor patches. The individual pixel intensity values of the Gabor patches were scaled so that the sum of up to three patches' maximum and minimum intensities could be displayed.
Stimulus display
All stimuli were displayed on a linearised 21 00 monitor (Iiyama Vision Master Pro 513) at a resolution of 640 Â 480 at 60 Hz. All stimuli were generated as required during the experiment using Matlab, and this was also used to collect participant responses. Stimulus presentation was achieved using the Cogent graphics toolbox (developed by John Romaya at the LON at the Wellcome Department of Imaging Neuroscience). Participants were seated 57 cm from the screen so that the PLW subtended 5°of visual angle in height and 2°in width when the feet were furthest apart.
Procedure
Twelve participants (two male) from the undergraduate population at the University of Bristol conducted the experiment for course credit. All participants gave informed consent in accordance with the Declaration of Helsinki. The Ethics Committee of the Department of Experimental Psychology of the University of Bristol granted ethical approval for the study. A temporal two AFC paradigm was used, with participants indicating the 200 ms interval containing the PLW. One interval contained the PLW embedded in the noise mask, and the other a noise mask with nine additional mask elements so that both intervals had the same number of Gabor patches on screen. The 200 ms segment of the gait cycle presented was randomly selected each trial. A method of constants procedure was used and the number of noise elements was varied from 0 to 210 in steps of 30 elements. Each noise level was presented 20 times for both orthogonal and collinear orientations of the PLW Gabor patches, in random order. Each participant produced a total of 320 responses, three breaks were provided during the single session of testing and feedback was provided after each trial.
Results
Psychometric functions were fitted using the maximum-likelihood method described by Wichmann and Hill (2001) . Using the Logistic function, thresholds were calculated as the 75% correct response point. Fig. 2 clearly shows the improved detection performance when the Gabor patches making up the PLW were oriented orthogonally to their opponent motion paths. Significantly more noise elements are needed to mask a PLW whose opponent motion signal is stronger (t(11) = 3.910, p < 0.01). This result supports previous work highlighting the importance of these opponent motion relationships in biological motion processing (Casile & Giese, 2005; Thurman & Grossman, 2008) . The opponent motion relationships are a critical part of biological motion stimuli and have been suggested to be capable of predicting performance in the absence of anatomically viable form information (Casile & Giese, 2005) . The significantly higher number of noise elements required to mask a PLW whose opponent motion signal is strengthened through orienting Gabor patches orthogonally to the opponent motion paths, than those required to mask a PLW with a weaker expression of the same relationship demonstrates the importance of opponent motion information in biological motion processing. Here we show that manipulating the strength of this signal has a measurable impact on detection of a PLW matched in local motion and form information. These results suggest that the relationships between the elements of the PLW might be what sets biological motion apart from other motion stimuli, and could be the foundation of specialised mechanisms for such motion processing.
However, recent studies have shown the importance of comparisons between moving presentations and static presentations of the same biological motion stimuli (Thirkettle et al., 2009; Thurman & Grossman, 2008) . The special status of biological motion from other forms of motion must be considered in light of the underlying form within biological motion stimuli (Hiris, 2007; Jastorff, Kourtzi, & Giese, 2006) . Therefore detection in noise thresholds were also recorded for static presentations.
Experiment 2 -static detection in noise
Presenting a static PLW is an important comparison to make if we are to understand the role that form cues play in the detection of biological motion stimuli from noise masks. Motion information is obviously absent from static displays, but previous work has shown this absence does not always degrade task performance (Reid et al., 2009; Thirkettle et al., 2009) , and can result in very different patterns of performance (Thurman & Grossman, 2008) . In a detection from noise task, the relative motions of the elements of the PLW may serve to segment the figure from the noise mask, whose elements share the same local motions. The lack of such a cue in static presentations would be expected to give reduced thresholds for both orthogonal and collinear conditions. If the opponent motion contributes to processing over and above motion information per se, then there should be no improved detection of the PLW with Gabor patches orthogonally orientated to their opponent motion partner compared to collinear orientation.
Methods
Stimuli and procedure were as described previously, but rather than 200 ms moving presentations of a random segment of the gait cycle embedded in noise the first frame of the display was presented for 200 ms. It should be noted that this randomisation ensured that each trial contained a different pose of the PLW for detection, to prevent participants learning to search for a particular form cue rather than the PLW itself. Furthermore, previous work has demonstrated that the form information varies from frame to frame in the gait cycle (Thirkettle et al., 2009) , and so randomising the static frame presented avoids the results being biased toward stronger or weaker form cues due to the particular frame used. The number of noise mask elements was varied from 0 to 120 in steps of 20 elements. Each level was presented 20 times for each condition, for a total of 280 responses.
Participants
Eight experienced psychophysical observers, including the three authors, were recruited for the static portion of the study. Other than the three authors, all participants were naive to the purpose of the study, and other than MT no participant completed both the static and moving portions of the study. All testing for each participant was completed in a single session and orthogonal and collinear presentations were randomly interleaved, as in the previous experiment.
Results
The data are shown in Fig. 2 . The comparatively high detection thresholds for both of the orientation conditions in Experiment 2 (static presentation), compared with Experiment 1 (dynamic presentation), when presented statically is probably due to the use of experienced psychophysical observers in the latter experiment, and wholly naive undergraduate participants in the moving former. This was confirmed by subsequent informal testing of moving stimuli with one author from the static presentation cohort (MT), which showed similarly elevated threshold values across experimental conditions indicating that the difference is almost certainly due to experience. Nonetheless, the data describes a similar relationship between the number of noise mask elements required to mask the static PLW and orientation of Gabor patches to that found in moving presentations. Orienting the Gabor patches of the PLW so that they are orthogonal to their opponent motion partner produces a significant increase over the number of noise elements required to mask the PLW when the Gabors were oriented collinearly in static presentations (t(7) = 2.534, p < 0.05). The persistence of such an advantage when the stimuli are presented at rest may indicate that the manipulation of the opponent motion signal is not wholly responsible for the increase in threshold level for orthogonal orientations of the PLW's Gabors. Furthermore, the similarity of the increase in detection thresholds across conditions for static presentations to that found in dynamic presentations may suggest that static cues may be underlying the performance improvements in both.
Discussion
The configuration of the dots of the PLW has been proposed as the defining feature of biological motion (Hiris, 2007; , and the influence this static form has on processing remains a subject of debate. The static form information, as opposed to the form information implied through motion signals, effects detection thresholds (Reid et al., 2009; Thirkettle et al., 2009 ) and needs to be addressed in any account of task performance with PLW stimuli. The results reported above suggest that the static form information within the PLW can be manipulated via the orientation of the Gabor patches of the current stimulus.
The perceptual grouping underlying the integration of the components of the PLW is well described by principles first laid out by the Gestalt school of psychology. Grouping items into a structure requires that the elements are considered to be part of a larger object, and this requires the principles of proximity, similarity and good continuation to be upheld. A PLW composed of complex unique objects rather than simple points of light is not perceived as a person walking (Hunt & Halper, 2008) because of the dissimilarity between elements, despite containing intact biological motion information. The principle of good continuation allows a contour composed of discrete elements sharing a similar orientation to be integrated and perceived as if the contour were intact but partially occluded. The mechanisms enacting the principle of good continuation draw upon the orientations of each element in a display and its neighbours to create an ''association field" (Field, Hayes, & Hess, 1993) .
By orienting the Gabor patches of the PLW orthogonally to their opponent motion partner, the degree of alignment between elements along the limbs is increased. As Fig. 1 shows, ensuring the two Gabor patches representing the ankles are orthogonal to each other results in the ankle and knee Gabor patches on each limb aligning. It is likely that our manipulation of the opponent motion signal has resulted in simultaneously altering the static form information in the PLW. Field et al. (1993) demonstrated that detection of a contour was significantly impaired when the constituent elements were orthogonally oriented to the underlying contour. This arrangement is present in the PLW when the elements are oriented collinearly to the opponent motion signal. The impaired detection of the PLW when the elements are oriented collinearly to their opponent motion paths may therefore be due to the impairment of contour integration mechanisms this would have caused. The persistence of the reduction in detection thresholds in static presentations suggests that contour integration mechanisms may have a more critical role to play in explaining task performance than the opponent motion signal itself.
What is needed, then, is a manipulation which preserves the opponent motion signal while varying the form information directly. Contour integration is the mechanism by which a coherent path is detected from the arrangement of discrete elements. In the PLW this path is analogous to the form of the actor, and therefore spatial manipulations -such as spatial scrambling -allow the contours within the PLW to be manipulated. By orienting the constituent Gabor patches either orthogonally or collinear to the opponent motion after such scrambling we can manipulate the form information while keeping the strength of opponent motion in each condition constant.
Experiment 3 -local trajectory displacement
Spatial scrambling has long been employed in studies of biological motion perception as an effective way of destroying the structure of the PLW without altering the temporal properties and the temporal relationships within the stimulus (Cutting et al., 1978) . While there have been recent studies which suggest the local information of the PLW, independent of such scrambling, is perceptually important (Chang & Troje, 2008; Troje & Westhoff, 2006) , the form of the PLW expressed by the arrangement of its dots is thought to play a critical role in processing (Hiris, 2007; Thirkettle et al., 2009 ). On the other hand, there has been some evidence that the opponent motion signal between dots, rather than the layout of the PLW, is driving processing (Casile & Giese, 2005; Thurman & Grossman, 2008) . However, these studies have not directly compared opponent motion and form, as a manipulation which varies the strength of one while holding the other constant has proved elusive. By replacing the dots of the PLW with Gabor patches, and yoking the orientation of each of the Gabor patches to the opponent motion signal after spatially scrambling the PLW, we can use the magnitude of the spatial scrambling as a tool to tease apart the roles of opponent motion and form.
The opponent motion signal is thought to convey the underlying structure of the PLW (Troje, 2002) and therefore orienting the Gabor patches so as to preserve this signal should make participants less sensitive to degraded static form. Larger magnitudes of spatial scrambling should be required for distortions in form to be detected when the opponent motion signal is stronger if that signal contributes to the perception of a person from the PLW. The influence of contour integration on processing can be determined by presenting the same task statically. Should such an advantage remain in static presentations then it can be attributed to improved static form cues, rather than an opponent motion mechanism.
Stimulus creation
The same PLW as used previously was employed. The screen resolution was raised to 1600 Â 1200 to allow greater spatial resolution, and therefore finer control over the spatial distortion. The PLW animation was resampled using linear interpolation to match the required frame rate of 60 Hz. The PLW and constituent Gabor patches were resized to match the sizes subtended in Experiment 1 at a viewing distance of 2.28 m. As in Experiment 1 200 ms segments of the gait cycle were randomly selected on each trial for use as the stimulus.
Spatial scrambling was applied to the PLW by displacing the entire local trajectory of each point. This maintains each dot's local trajectory and temporal information, but degrades the inherent form of the PLW. In the limit such scrambling results in the type of unstructured noise commonly used to mask the PLW, but by manipulating the magnitude of the displacement, fine judgements on the presence of distortion can be assessed. A library of PLW stimuli with 10 examples of each distortion level, from a single pixel to 50 pixels (21 s of visual arc to 17 min of visual arc), in single pixel steps was created. Examples movies of the stimulus without any distortion (Fig. 1 ) and at the maximum distortion level of 50 pixels (Fig. 3) are included as additional materials. The direction of the displacement was randomised for each point, and the direction the PLW as a whole was facing was also randomised for each trial. It is important to note that the spatial relationship between opponent motion pairs, and therefore the orientations of the Gabor patches, was calculated frame by frame after the spatial scrambling had been applied; this allowed the opponent motion relationships to be manipulated independently of global form.
Participants
Three experienced psychophysical observers, including one author (MT), participated in the experiment; all had normal or corrected to normal vision.
Procedure
A temporal two AFC design was employed; the participants' task was to identify the interval containing the intact PLW. The level of distortion necessary for each participant to successfully identify the intact PLW was measured using an adaptive procedure (Kontsevich & Tyler, 1999) . This procedure uses a Bayesian approach to estimate the threshold of the underlying psychometric function. Orthogonal and collinear orientation conditions were both presented, randomly interleaved, in each session. Each session consisted of 60 judgements for each condition, and each participant completed the four sessions over 2 days.
Results
Each participant's responses were collapsed across sessions, and thresholds, defined as the displacement necessary for each participant to correctly discriminate the intact PLW 75% of the time, were calculated by fitting cumulative Gaussian functions to the log transform of the data. Fig. 4 clearly shows that when the Gabor patches of the PLW are oriented orthogonally to their opponent motion paths, significantly greater displacement of the patches is required for the distortion to be detected. Direct manipulation of the form of the PLW is better detected when opponent motion cues are reduced. It may be the case that the opponent motion signal, improved in the orthogonal condition, is fundamental to biological motion processing and strengthening this signal compensates for the weakened form. However, the previously discussed possibility that static form processes may be benefitting from contour linking between Gabor patches on the same limb in the orthogonal condition cannot be discounted using only moving presentations. Therefore, the experiment was repeated using static presentations.
Experiment 4 -static spatial distortion
All stimulus parameters were as previously described, and the experimental procedure was the same as with moving presentations. The first frame of the segment of gait randomly selected for each trial was held on screen statically for 200 ms. As with Experiment 2, it should be noted that this randomisation meant that each trial presented a different pose of the PLW, to prevent participants learning to search for a particular arrangement of elements. Three observers, including one author (MT), completed the experiment. The two additional observers were naive to the experiment, having not completed the moving presentations but were experienced psychophysical observers.
Results
Data were analysed as described in Experiment 3, and are show in Fig. 5 . The greater tolerance for spatial distortion when the Gabor patches were oriented orthogonally to their opponent motion partner found with moving stimuli was again significant for all participants when the task was presented statically. While the use of different participant groups for moving and static presentations makes quantitative comparisons difficult, the similar pattern of changes in threshold values between conditions in the moving and static presentations across participants suggest that motion information does not produce additional processing benefits. It could be that static form cues, improved through the orientation of the PLW's elements, drive the difference between the conditions. These results suggest that form cues may be more relevant to biological motion processing than opponent motion information, notwithstanding the complexity and rarity of the opponent motion relationships present in the PLW. Despite our attempt to manipulate opponent motion information it is the concurrent manipulation of form information that appears to drive the pattern of results.
Discussion
The use of Gabor patches in biological motion stimuli allows an insight into the form and motion processes underlying the perception of a person from the points of the PLW. By using components with an orientation, the influence of contour integration processes can be assessed. Despite explicitly linking the orientation of the Gabor patches to a motion component of the PLW, the persistence of the reported advantage for orthogonal orientation to opponent motion paths when the PLW is at rest means the benefit must, in the absence of evidence to the contrary, be attributed to static form processes. The organisation of the elements of the PLW is, from a certain point of view, the defining feature of biological motion stimuli. The reported lack of influence on processing of destroying local trajectory information (Beintema et al., 2006; Bertenthal & Pinto, 1994; Mather et al., 1992) certainly seems to demand a definition of biological motion centred on the implied form of the stimulus (Hiris, Krebeck, Edmonds, & Stout, 2005) . Jastorff et al. (2006) showed that even non-biological kinematics can be effectively processed as long as an underlying structure describes the stimulus. The present results support this view of the PLW as an example of sparse form in motion.
While form information appears to outweigh motion information in the present experiments, it is possible that the relevant form information is more closely related to the opponent motion pairs than the global form of the PLW. Alignment along the limbs seems to predict performance, but it is possible this alignment is acting only at a pair-wise level. The orientations of the noise mask elements in Experiments 1 and 2 share the opponent motion pairings of the target elements so such pairings could not differentiate the target. However, limb-wise pairings, for example the ankle and knee, would not occur in the mask and could have provided a sufficient, form based, cue for successful performance. The same level of form information could also feasibly explain performance in the Experiments 3 and 4 as only orientation relationships between, rather than along, limbs were maintained after the scrambling. Further experimentation, possibly using inverted stimuli which would contain these pairwise relationships, but omit the global form of the PLW, could determine at which level of form information processing occurs.
Regardless of the specific mechanism responsible for the performance difference reported, motion information does not seem to have been involved. The experiments described here attempted to tease apart the influence of form and opponent motion signals in the PLW on task performance, and found no evidence to suggest opponent motion signals effect processing. When moving, no additional processing advantage conferred by the orientation of the patches to their opponent motion paths is found that is not already present when the stimulus is static. This has previously been shown not to be the case using different tasks and actions (Thirkettle taken applying the present findings beyond the tasks described. However, the results suggest that in the case of the PLW, motion opponency information may be secondary to form information in the processing of biological motion stimuli.
General discussion
Our study investigated the effect on biological motion processing by manipulating the opponent motion signal of a PLW. Using oriented Gabor patches to make up the PLW, we were able to generate stimuli whose opponent motion relationships could be varied without altering either the local motion trajectories or the spatial configuration of the PLW. When the Gabor patches were oriented orthogonally to the opponent motion paths in order to strengthen the opponent motion signal, detection from matched noise performance was improved and tolerance of spatial distortion was increased. These results in isolation would suggest that the opponent motion signal is driving processing of biological motion. However, similar performance improvements were reported for the orthogonal orientation when the tasks were presented statically. Orienting Gabor patches orthogonally to their opponent motion partner results in patches along the same limb aligning, and this appears to have strengthened contour integration cues. In addition to improved opponent motion, our stimulus contains improved form cues. The lack of additional improvement in task performance when the stimulus was moving over static presentations supports previous research suggesting that the spatial arrangement of the PLW is the crucial factor in perception (Kuhlmann & Lappe, 2006; . As previously discussed, it is well established that local motion information appears to play a noncrucial role in processing of intact PLW stimuli. The present results point to the primacy of form information and fail to provide any substantial evidence for a role for opponent motion information in biological motion processing.
It has been claimed that the motion relationships between two or more points of the PLW convey the underlying structure of the PLW (Casile & Giese, 2005; Troje, 2002) . This source of information is distinct from the local motions of the PLW and is often invoked in explanations of processing for stimuli in which local motions have been manipulated. Variations in this signal can produce changes in task performance (Thurman & Grossman, 2008) , suggesting a role in processing. However, the influence of both task demands and form information on task performance should not be discounted.
Previous work has demonstrated that dramatic changes in performance measures can be produced with the same task by simply presenting different point light actions. Thirkettle et al. (2009) measured discrimination of a phase scrambled PLW display across the gait cycle and found significant performance variations correlated with the strength of form information in the display. By comparing static and moving presentations, task performance at moments in the gait cycle presenting weak form information was found to be significantly improved by the addition of motion to the display. Repeating the experiment with a jumping jack display eliminated both these variations in task performance and the performance improvements attributable to motion information. It seems reasonable then to suggest that different actions presented by point light displays may express different levels of form and motion information. Similarly, changes in task can produce conflicting patterns of performance from the same point light display. The variations in task performance across segments of the gait cycle reported by Thirkettle et al. (2009) follow the reverse pattern of those found by previous research which measured noise thresholds across the gait cycle of a similar PLW stimulus (Thurman & Grossman, 2008) . The lack of a significant difference in task performance between moving and static displays found in the current studies may reflect a larger role for form information in the present task not found in the tasks used in previous work.
Comparing performance measures across tasks and actions displayed is difficult, and must be done cautiously. The current experiments focus on the contribution motion information makes to detecting and discriminating the Gabor PLW, but it may be the case that opponent motion information has a larger influence on performance than found here when probed with alternative tasks.
This would make intuitive sense if the task was one of action discrimination, possibly between running and walking gait. But plausibly such a role could extend beyond action recognition to identification of the other high level attributes available from PLW stimuli, for example the gender of the individual performing the action which has already been shown to require dynamic information (Mather & Murdoch, 1994) .
It is possible to create a PLW stimulus which contains no static form signal. By using second order components, the constituent elements of the PLW can be rendered undetectable at rest (Ahlstrom et al., 1997; Bellefeuille & Faubert, 1998) . These results have been interpreted as showing that the form information in a static PLW is distinct from that expressed in motion. That motion processes contribute to biological motion processing is clear, and much of the higher order judgements pertinent to biological motion stimuli are carried largely by the motion alone (Bellefeuille & Faubert, 1998; Mather & Murdoch, 1994) . However, in terms of detection and basic processing, our results would suggest that form based mechanisms are foremost. Beintema and Lappe (2002) suggested that as biological motion perception was possible with only sequential position cues rather than motion information, instead of considering biological motion an example of form-frommotion, it should be considered ''motion from form" (Pg. 5663). While this highlights the interwoven nature of form and motion in the PLW, it may also help explain the current results. The similarity of the improvements in detection and discrimination performance between Gabor patch orientations when the PLW was moving and static suggest that the benefit to the form processes, produced by the orientation of the Gabor patches, eclipses any possible advantage in motion processes. This may either suggest that the form and motion mechanisms used in biological motion perception are independent (Bellefeuille & Faubert, 1998) , or that motion-mediated form processes in the PLW are not wholly unrelated to static form. It seems reasonable to conclude from the present results that, at least for the PLW, processing exhibits a primacy of form information over opponent motion similar to that already established for form over local motion with such stimuli.
The PLW is a highly contrived stimulus, and one made of Gabor patches even more so. The utility of such a stimulus relies on its ability to expose mechanisms relevant to less exotic stimuli. The use of Gabor patches in biological motion informs the debate on the relative contributions of integrative motion signals, specifically opponent motion, and form signals. We find that despite orienting the elements of the PLW in relation to the opponent motion signals, the processing benefit reported is attributable to form cues inadvertently strengthened by the arrangement rather than motion processes. Form and motion information are entwined in biological motion stimuli to such an extent that task demands and stimulus attributes can easily skew any findings. This underlines the necessity of multiple approaches to the study of biological motion, and the importance of including a static comparison whenever possible. Our results suggest that despite the tightly interwoven relationship between form and motion information in biological motion stimuli, human perceptual processes for PLW stimuli are dominated by form mechanisms.
